Abstract In this paper, the sorption of uranium onto nanoporous silica adsorbent in the presence of nitrate, sulfate, chloride, fluoride and phosphate was studied. The effect of contact time between the nanoporous sorbent and aqueous solution, pH and initial concentration of uranium was also investigated. Uranium sorption onto nanoporous silica adsorbent is a very fast process as sorption rate increases with pH increment. Optimum pH for uranium sorption was 4-8. Experimental sorption isotherm is successfully described by Langmuir and Freundlich models. The results obtained by batch experiments showed that the presence of high concentration of nitrate, sulfate, chloride and phosphate anions alone had no interference with uranium recovery. However, the presence of fluoride ions ([250 mg/L) decreases uranium sorption by about 55 %. The results also showed that the presence of phosphate ions (about 300 mg/L) in solution could remove fluoride interference completely. Finally, the efficiency of the nanoporous silica adsorbent for uranium recovery from wastewater of the uranium conversion facility was investigated.
Introduction
The recovery of nuclear elements such as uranium from aqueous systems, especially from industrial effluents has recently become the centre of a wide interest in exploiting undeveloped energy sources and environmental control (Nakajima and Sakaguchi 1999) . Recovery of uranium was reported over years by various methods like liquidliquid extraction (LLE), ion exchange, nano/ultra filtration, biosorption, coprecipitation, electrodeposition, solid phase extraction (SPE), imprinted polymers, liquid membranes, resin-in-pulp, solid state reaction, etc. (Michard et al. 1996; Tsuruta 2002; Kulkarni 2003; Chaudhury et al. 2003; Amamoto et al. 2005; Mirjalili and Roshani 2007; James et al. 2009; Akhtar et al. 2009; Singh et al. 2009 ).
In the industrial effluent, uranium is capable of forming anionic species mainly, uranyl carbonate, uranyl, fluoride, uranyl chloride, uranyl phosphate or uranyl sulfate. The strange base anion exchanger is the most suitable resin for uranium when it is mainly as anionic complexes. Anion exchange resins have been successfully employed to recover uranium in mining industry, especially from leach liquor (Zhang and Clifford 1994; Song et al. 1999; Huikuri and Salonen 2000; Chellam and Clifford 2002) . The recovery of uranium from industrial effluents by resins and the influence of carbonate, fluoride and ammonium were studied on the uranium uptake and concluded that the uranium concentration in solution relative to other ions was the main factor which interfered in the separation process (Nascimentoa et al. 2004; Ladeira and Morais 2005) .
The discovery of nanoporous materials (Beck et al. 1992; Feng et al. 1997; Liu et al. 1998 ) with large surface area and uniform pores, wide opened a new approach for the removal/entrapment of persistent inorganic pollutants (Shin et al. 1999; Jal et al. 2004; Li et al. 2007; Mangrulkar et al. 2008; Benhamou et al. 2009; Idris et al. 2011) . MCM-41 (Mobile Crystalline Material) is a nanoporous silicate featuring hexagonally packed arrays of one-dimensional cylindrical pores with a uniform pore distribution, large specific surface area and large pore volume (Beck et al. 1992) .
In this paper, sorption behavior of uranium on nanoporous MCM-41 in the presence of some anions such as sulfate, fluoride, chloride, nitrate and phosphate was studied. The effect of contact time, pH, initial concentration and interference of anions was investigated. This research was carried out in the 2011 for uranium recovery from the uranium conversion facility (UCF, Esfahan), Iran.
Materials and methods

Reagents
All the chemicals used were of analytical grade from Merck, except cetyltrimethylammonium bromide (CTAB) which was supplied by Aldrich (UK).
Apparatus
A Philips X'pert powder diffractometer system with CuKa (k = 1.541 Å ) radiation was used for X-ray studies. XRD analysis was performed from 1.5°(2h) to 10.0°( 2h) at a scan rate of 0.02°(2h) s -1 . Nitrogen sorption studies were made with a Quantachrome NOVA 2200e instrument. Nitrogen sorption and desorption isotherms of the adsorbent were determined at 77 K and specific surface area was determined by applying the BET equation to the isotherm (Brunauer et al. 1938) . The pore size distribution was calculated using the sorption branch of the isotherm and the Barrett-Joyner-Halenda (BJH) formula (Barrett et al. 1951) . The scanning electron micrographic image was recorded using a Philips microscope. TEM image was taken by JEM1200 EX with 100 kV acceleration voltages. pH measurements were made with a Schott CG841 pH-meter (Germany). Quantitative determination of inorganic ions was made using an inductively coupled plasma-optical emission spectrometer (ICP-OES) of Varian Liberty 150-Axial.
Anions, such as F -, Cl -, NO 3 -, SO 4 2-and PO 4 3-in waste water were determined by ion-chromatography of Metrohm model 733. A waterbath shaker model CH-4311 (Infors AG) was used in the determination of distribution coefficients.
Preparation of nanoporous silicate MCM-41
The nanoporous MCM-41 was prepared by mixing sodium silicate as silicon source, and CTAB as surfactant under non-thermal condition (Sepehrian et al. 2010) . In a typical procedure, 0.6 g CTAB was dissolved in 23 g of demineralized water, then, 3 g of sodium silicate was added and it was stirred for 30 min. The pH value was adjusted at 9 by adding sulfuric acid (2 M). The stirring was continued for 4 h. A bulky white gelatinous precipitate was formed. The resulting gel was transferred to a Teflon vessel and was left for 24 h at room temperature. Then the product was filtered, washed thoroughly with demineralized water and then dried at 50°C for 12 h. Finally, for removing surfactant, this material was calcined at 540°C for 6 h.
Procedure for sorption studies
Sorption studies of the uranium ion on the MCM-41 adsorbents were carried out using batch method. In this procedure, 20 mg of adsorbent material was added to a 10 mL buffered solution of 2-125 mg/L uranium ions. The pH of the solution was adjusted with sodium hydroxide and hydrochloric acid. The suspension was stirred for a preselected period of time using a water shaker bath. Then it was filtered and the amount of uranium ion was determined by ICP. The sorption rate (%) and the sorption concentration (q, mol/g) were calculated using the relationships:
where m is mass of adsorbent, V the volume of uranium aqueous solution contacted with adsorbent (mL), C i the initial concentration of uranium and C f the equilibrium concentration of uranium (mg/L) after sorption.
Effect of anions
The effect of anions on the uranium sorption was investigated at a constant concentration of uranium. In batch experiments, 20 mg of MCM-41 adsorbent was equilibrated with 10 mL of the solution containing 5 mg/L of uranium ions with various concentrations of the anions [sulfate (500-3,000 mg/L), fluoride (250-5,000 mg/L), chloride (50-2,500 mg/L), nitrate (10-10,000 mg/L) and phosphate (10-300 mg/L)]. For competition experiments of anions, the effect of fluoride ions on the uranium sorption was also studied in the presence of other anions.
Results and discussion
Characterization of adsorbent
XRD analysis
The XRD pattern of the calcined MCM-41 is presented in Fig. 1 . The XRD pattern shows a strong diffraction at 2h smaller than 3°along with the presence of small peaks that confirms the formation of nanoporous MCM-41 (Beck et al. 1992 ). This result is characteristic of hexagonal pore structure.
Nitrogen sorption-desorption studies
The nitrogen sorption-desorption isotherm and corresponding pore size distribution of the MCM-41 are given in Fig. 2 . N 2 sorption-desorption isotherm showed a typical IV-type sorption profile consisting of a condensation due to the formation of nanopores (Fig. 2) . Table 1 shows the specific surface area, pore volume and pore size of the nanoporous MCM-41.
Scanning electron micrograph
The SEM image of the nanoporous MCM-41 is given in Fig. 3 . The SEM image exhibit uniform spherical crystallites. 
Transmission electron micrograph
The transmission electron micrograph of the nanoporous MCM-41 is given in Fig. 4 . The TEM image shows that the pore diameter of the channels calculated from N 2 sorption measurement of the nanoporous MCM-41 is about 20 Å . 
Adsorption studies
Effect of pH
In general, the sorption of uranyl ions on oxides is viewed as an ion exchange reaction between the surface hydroxyl groups (Si-OH) and the uranyl ions (UO 2 2? ) or its hydrolysis products (His and Langmuir 1985; Lieser et al. 1992; Schmeide et al. 2000) . The sorption of uranium was studied in the pH range of 1-8.
As seen in Fig. 5 , the sorption of uranium varied significantly with the pH of solution. When pH B 2.0, UO 2 2? as a main cation species existed in an acidic solution. In this acidic region, silanol groups onto pores of MCM-41 were as SiOH 2
? . So, in pH B 2.0, it was found that U(VI) showed no sorption towards MCM-41. After pH C 2 with an increase in basicity of the aqueous solution, Si-OH 2 ? as a cation gradually converted to a natural Si-OH by reacting was a complexible species with the neutral Si-OH, so, U(VI) showed sorption towards MCM-41 adsorbent with an increase in pH value. The next experiments in this study were carried out at natural pH (6.5).
Kinetic study
The sorption kinetics experiments were carried out at an initial uranium concentration of 5 mg/L at natural pH. As shown in Fig. 6 almost 90 % uranium is adsorbed after 10 min which is efficient time when comparing with other adsorbents (Hongxia and Zuyi 2002; Hongxia et al. 2005) . The fast sorption rate suggests that the silanol groups are readily available and easily accessible probably because the uniform nanoporous channels of the MCM-41 adsorbent facilitate the uranium ions transportation in the process.
Sorption isotherms
The linear sorption isotherms are plotted in Fig. 7 . Among various binding models, Langmuir and Freundlich isotherms have been frequently employed to describe experimental data of sorption isotherms. The Langmuir sorption isotherm is mathematically expressed as:
where q e (lmol/g) is the amount of analyte bound to adsorbent, C e (lM) the equilibrium concentration of adsorbate in solution, q max the maximum sorption capacity (lmol/g) and K l the constant for a given adsorbate and adsorbent at a particular temperature. Langmuir equation is the most common model employed to describe the sorption process in homogenous systems. The equation constant values q max and K l are calculated from the experimental data (Table 3) . For comparative purposes the experimental data have been fitted to the wellknown Freundlich equation. 
K f and m are constants for a given adsorbate and adsorbent at a particular temperature. From the values of R 2 summarized in Table 3 , it may be calculated that both equations fit reasonably well with the experimental data, although the Langmuir equation provides a better fiting than the Freundlich one.
Effect of anions presence
Effects of nitrate (NO 3 -), chloride (Cl -), fluoride (F -), sulfate (SO 4 2-) and phosphate (PO 4 3-) on uranium sorption onto the nanoporous MCM-41 were evaluated (Fig. 8) .
The results showed that the presence of high concentration of the nitrate, chloride, sulfate and phosphate anions had no interference for uranium sorption. But the percent of uranium sorption was decreased in the presence of fluoride by about 55 %.
This maybe due to uranium existing as UO 2 F n (2-n)?
complexes (Kirishima et al. 2004) in the presence of fluoride ions and it has no strange interaction with silanol groups in pores of nanoporous MCM-41. The results of uranium sorption in binary mixture of anions also showed that the fluoride interference has been decreased in the presence of phosphate anions (Fig. 9 ). This maybe due to the fact that the affinity complexation of uranium with phosphate is more than the fluoride ions and in the presence of phosphate, uranium is more as UO 2 (PO 4 ) 3 4-complex and fluoride is as free ions (F). The UO 2 (PO 4 ) 3 4-complexes have strong interaction with silanol groups in the pores of nanoporous MCM-41. It shows that uranium can be adsorbed on the nanoporous MCM-41 in the presence of phosphate anions in UCF waste waters in the presence of other anions and/or adding phosphate anions to UCF waste waters can decrease interference of other anions.
Uranium recovery
Desorption behavior was also studied after washing the column with acid solution such as nitric acid, sulfuric acid and hydrochloric acid in various concentrations (Table 4) . The results show that the highest recovery (93 %) was obtained with 0.1 mol/L HCl solution.
Conclusion
Nanoporous MCM-41 was used for uranium recovery and showed high capacity for uranium (36.02 mg/g in 
